Abstract-The wireless, radio-frequency (RF) telecommunication networks of the future will provide users with gigabit per second data rates. Therefore, these networks are evolving towards hybrid networks, which will include the commonly used macro-and microcells in combination with local ultra-high density access networks consisting of so-called attocells. The usage of attocells requires a proper compliance assessment of the exposure to RF electromagnetic (EM) radiation. This paper presents, for the first time, such a compliance assessment of an attocell operating at 3.5 GHz with an input power of 1 mW, based on both root-mean-squared electric field strength (Erms) and peak 10 g-averaged specific absorption rate (SAR10g) SAR10g values are measured in a homogeneous phantom, which resulted in a SAR10g of 9.7 mW/kg, and using FDTD simulations, which resulted in a SAR10g of 7.2 mW/kg. FDTD simulations of realistic exposure situations are executed using a heterogeneous phantom, which yielded SAR10g values lower than 2.8 mW/kg. The studied dosimetric quantities are in compliance with the ICNIRP guidelines when the attocell is fed an input power < 1 mW. The deployment of attocells is thus a feasible solution to provide broadband data transmission without drastically increasing the personal RF exposure.
INTRODUCTION
Worldwide, billions of users are connected through wireless communication [5GPP, 2014; Dahlman et al., 2014; Nokia, 2014; Samsung, 2015] . These users require a broadband service that is ever increasing in speed and amount of communicated data. Simultaneously, the users want to access their data, stored either locally or remotely in the cloud, or communicate with one another on any given time and location. This ultra-broadband, wireless access is enabled by radio-frequency (RF) electromagnetic fields (EMFs), which are interchanged between antennas. These are on the one side part of a network operated by a telecommunication company and on the other side embedded in a personal device operated by the user. Different technologies for wireless communication, assigned to specific frequency bands, exist. As these technologies evolve over time, they are commonly categorized in new generations of wireless telecommunication systems. The current wireless technologies are referred to as 4 th generation networks [Chowdhury et al., 2010] . The current telecommunication networks rely mainly on a heterogeneous network of RF antennas for emitting and receiving signals. These range from large base station antennas (BSAs) [Thielens et al., 2013; Thors et al., 2014] that cover large areas (km²) [Gupta and Kumar, 2015] , and are referred to as macrocells, and to small antennas that emit lower powers, only covering areas of several square meters, and are referred to as femtocells [Aerts et al., 2015] .
It is expected that in future 5 th generation networks, the required bandwidth and data throughput will increase [5GPP, 2014; Dahlman et al., 2014; Nokia, 2014; Samsung, 2015] . A potential approach to deal with this increase in demands from the network is to deploy an ultra-high density access network consisting of large number of very small cells, so called attocells. These are integrated in a floor and cover very small areas of only a few dm².Yet, they provide a very high data rate in these small areas. A first concept of such a network is described in Lannoo et al. [2015] and promises large improvements in wireless telecommunications. Since attocells will be smaller and widely distributed in indoor environments, the antennas used in attocells will be closer to the user than those employed in previous generations of cellular networks [Gupta and Kumar, 2015] . This close distance might be a risk in terms of personal exposure to the RF EMFs emitted by the antennas. Consequently, a proper compliance with existing guidelines [ICNIRP, 1998] and regulations is necessary before such a network will be commercially introduced. However, up till now, personal exposure near attocells has not been studied.
The absorption of RF EMFs in the human body is commonly quantified using the specific absorption rate (SAR), which is the ratio of the absorbed RF power and the mass in which it is absorbed. Basic restrictions on the whole-body averaged SAR (SARwb) and localized, peak 10 g-averaged SAR (SAR10g) exist [ICNIRP, 1998] . Reference levels on the incident rootmean-squared electric (Erms) and magnetic (Hrms) field strengths are derived from the basic restrictions [ICNIRP, 1998 ]. The International Electrotechnical Commission (IEC) [IEC, 2010] and the European Committee for Electrotechnical Standardization (CENELEC) [CENELEC, 2010] have both issued guidelines on determining compliance near antennas using measurements or simulations of the SAR, Erms, and Hrms.
The compliance with regard to exposure guidelines and actual EMF and absorption values have not been studied for the attocell system. However, other types of BSAs have been studied. In Kos et al. [2011] , Thielens et al. [2013] , and Thors et al. [2008 Thors et al. [ , 2014 , the compliance of BSAs used in macrocells has been studied and compliance boundaries for those BSAs have been defined. Cooper et al. [2006] provided an overview of compliance of the smaller micro-and picocells operating at frequencies from 80 MHz to 2500 MHz. The exposure in femtocells is compared to that in macrocells in Aerts et al. [2014 Aerts et al. [ , 2015 and Zarikoff and Malone [2013] . In Aerts et al. [2014] and Boursianis et al. [2012] measurements of both the uplink of a mobile device connected to a femtocell and the downlink from the femtocell itself showed that during calls the uplink exposure is dominant. However, a non-user near the RF source will still receive a dominant exposure from the femtocell [Aerts et al., 2014] .
The objective of this paper is to, for the first time, study the RF exposure near an attocell. To this aim both measurements near an actual attocell configuration and numerical simulations of a model of the same attocell are executed. First, the Erms field strengths are studied near the attocell in its worst-case operating conditions. Second, the peak SAR10g is studied in a standardized phantom near the antenna used in the attocell. Third, the realistic SAR10g in a heterogeneous phantom is studied near the attocell. These results are important for the implementation of 5 th generation networks, which require a compliance with EMF standards.
MATERIALS AND METHODS

The Attocell
The studied attocell was the one described in Lannoo et al. [2015] . Figure 1 shows an illustration of the implementation of the attocells in a transparent floor.
A layer of acrylic glass (thickness = 6 mm) was supported by a wooden framework that maked up the different attocells. The purpose of this configuration was to allow very fast, ultrabroadband communication between a subject, who would wear a device and could move around on the floor, and the attocells, which were contained within the floor. A subject would thus move around on the structure shown in Figure 1 (a). Two types of wooden beams were used (see Fig. 1 (a) and (b)): the layer underneath the acrylic glass consisted of parallel small beams (dimensions of the cross section: 1.7 x 1.7 cm²), while these were supported by a second layer of orthogonally placed thicker beams (cross section: 4.2 x 4.2 cm²) made from the same wood.
This resulted in square cells of 15 x 15 cm². Each cell contained an antenna that operated between 3.25 GHz and 3.75 GHz. The antennas were placed with their slots either parallel to the X or Y axis (see Fig. 1 (c) ). This implementation ensured polarization diversity. The antennas were linearly polarized planar, substrate-integrated-waveguide (SIW) cavitybacked slot antennas, made out of foam material (the substrate) and copper plated nylon (the conducting elements). The antennas were based on a design described in Lemey et al. [2014] .
The antenna presented in Lemey et al. [2014] had the same design, but used a grounded coplanar waveguide as feeding structure instead of a through and an SMA. The antennas studied in this paper were supported by a layer of plastic (thickness: 5 mm), see Figure 1 (b), which was attached to the bottom of the wooden beams. The plastic was penetrated by a Sub-Miniature A (SMA) connector, which connected the antenna to opto-electronic components. These, in their turn, are connected to a fiber-backbone [Lannoo et al., 2015] . The antennas were centered in the different attocells and were either horizontally (with their slot parallel to the X-axis) or vertically polarized (with their slot parallel to the Y-axis), see Figure 1 . The communication protocol applied a maximum input power of 0 dBm (1 mW) at the feed point of the antennas.
These emitted at a center frequency of 3.5 GHz in a frequency band between 3.25 GHz and3.75 GHz. This frequency band was chosen because it is located in the lower part of the Ultra-Wide Band (UWB), which ranges from 3.1 GHz to 10.6 GHz [Porcino and Hirt, 2003 ].
The studied system was a so-called Radio-over-Fiber (RoF) network, where the backbone network consists of optical fibers. These carry a signal towards an optical to RF converter, which in its turn feeds the antennas in the attocells [Lannoo et al., 2015] . This configuration requires a media access control (MAC) protocol in order to register new users and communicate with existing users. This MAC protocol can either be a distributed or a centralized MAC protocol [Lannoo et al., 2015] . Users can move around on the attocells, so the protocol requires an algorithm for the handovers between different cells. Two types of transmission protocol could be used in the future, one with soft handovers and one with hard handovers.One option would be to use so-called soft handovers [Lannoo et al., 2015] , where both localization and path prediction are used to optimize energy consumption and connectivity during the handover between different cells, which can emit simultaneously with a total input power < 1mW. In this case, multiple antennas could emit simultaneously and this could affect the exposure values due to interference between multiple cells. However, these handovers are not studied in this manuscript. A future study will look into exposure during soft-handovers and exposure of multiple users.
In the current study we assumed a transmission protocol of the attocells with so-called hard handovers (as available in the demonstrator), where the transmission between two cells was designed in such a way that only one antenna in the floor could emit a power < 1mW at a time.
We also limit our study to the exposure of one single user with no other users present in the network. This implies that the MAC protocol will not allow two cells to emit at the same time.
Therefore, we only considered configurations where one antenna was emitting RF radiation during the simulations and measurements. For compliance purposes, the worst-case operational conditions of 1 mW input power in the antenna were considered at a harmonic frequency of 3.5
GHz.
The antennas placed in the attocells were characterized using reflection coefficient (S11) measurements that were performed by a vector network analyzer (N5242A PNA-X, Agilent
Technologies, Santa Clara, CA).
Exposure Measurements
The EMF measurements near the attocells were performed using a DASY3 mini system (SPEAG, Zurich, Switzerland). The system consisted of two parts. First, an isotropic E-Field
Probe for general near-field measurements (ER3DV6, SPEAG, Switzerland), which was able to measure in a frequency range of 40 MHz -6 GHz had a dynamic range of 2-1000 V/m, and a linearity of ±0.2 dB. The second component of the system was a Pythron IXE α-C-T robot, which enabled a three-dimensional translation of the probe with an accuracy of 0.005 mm. The total expanded uncertainty (k=2) of the setup for free-space near-field measurements was 14 %, based on the DASY3 mini application note [Speag] . Matlab v7.04 (Mathworks, Natick, MA) was used for steering the robot and interfacing with DASY system and its software.
During the measurements, the antenna in the attocell was excited by a sinusoidal wave from a signal generator (SMB 100A, Rhode & Schwartz, Munich, Germany) with a power of 16 dBm and rescaled to an antenna input power of 0 dBm (1 mW) at 3.5 GHz. The field probe was used to scan an area of 30 cm in the X-direction and 30 cm in the Y-direction (corresponding to 4 attocells) with a step size of 15 mm resulting in a total of 441 points in the horizontal plane, at different separation distances in the Z-direction from the antenna. During the measurements the separation distance was defined as the distance to the top of the antenna, which was placed in one of the four attocells. Measurements were performed at distances 70 mm, 100 mm and 120 mm. The antenna was either vertically or horizontally polarized. First, measurements were carried out above the acrylic glass. Second, measurements along a vertical line were executed without the acrylic glass present, as a function of the separation distance between the probe and the antenna. The measured field strengths were compared to the reference levels issued by ICNIRP [ICNIRP, 1998 ].
After the measurements of free-space EMFs, one of the antennas was detached from the setup and placed underneath a standardized oval flat phantom (ELI4, SPEAG, Zurich, Switzerland) compatible with the IEC 62209-2 standard, see Figure 2 . This phantom was filled with tissue simulating liquid HSL2450 (SPEAG, Switzerland) used at 3.5 GHz with a measured relative permittivity = 36.1 and conductivity = 2.47 S/m. Figure 2 shows an illustration of the studied setup. The patch of the antenna was facing upwards towards the flat surface of the phantom at a distance of 10 mm from the tissue simulating liquid. SAR measurements were executed in the liquid using an antenna calibrated for this purpose: the isotropic dosimetric probe EX3DV4
(SPEAG, Switzerland). This probe could measure from 10 MHz up to 6 GHz and had a dynamic range of 0.010 mW/g up to 100 mW/g with a linearity of ±0.2 dB. The noise level of the probe was below 0.001 mW/g. The total expanded uncertainty (k=2) of the dosimetric setup was 16 %
[Speag]. The measured SAR values were used to determine the peak SAR10g according to [IEC, 2010] and were compared to the reference levels issued by ICNIRP [ICNIRP, 1998 ]. The size of the area scan was 8 cm by 12 cm with a measurement step of 10 mm. The measurements were interpolated to a homogeneous grid with a step of 2 mm using cubic spline interpolation.
The peak spatial-averaged SAR in 10 g has been assessed in a volume of 32 mm by 32 mm by 30 mm with a grid step of 8 mm by 8 mm by 5mm around the location of maximum peak SAR obtained from the area scan.
Numerical Simulations
Numerical simulations were executed in order to validate the measurements and estimate the SAR in heterogeneous phantoms. First, the used antenna was modeled using two methods: the method of moments (MoM) and a conductivity = 0.0058 S/m. A broadband simulation (3-4 GHz) was then executed using both simulation packages in order to determine the reflection coefficient (S11) of the antenna.
These results were then compared to those obtained by measurements in order to validate the created antenna model. Second, the model of the antenna was placed in a numerical model of the floor (see Fig. 1 (d) ).
The acrylic glass was assigned a relative permittivity = 2.6 and a conductivity = 0.0025 S/m, the wood had an = 1.6 and = 0.0059 S/m [Torgovnikov, 1993] , and the plastic had an = 2.25 and = 0.0005 S/m. All the listed dielectric parameters were valid at 3.5 GHz. A simulation domain bounded by perfectly matched layers (PML) was defined around the attocell. This simulation domain was then discretized using a rectilinear grid. A FDTD harmonic simulation at 3.5 GHz was executed with and without the presence of the acrylic glass, in order to determine the EM fields surrounding the attocell. The simulations had a total number of 3.9 x 10 6 cells and reached a steady state after 11 periods. The smallest grid step in the simulation domain is 0.06 mm, while the largest is 1 mm. The expanded uncertainty (k=2) of the simulation equaled 12 % [Bakker et. al., 2010 [Bakker et. al., , 2011 .
Third, the antenna model was placed underneath the homogeneous phantom (ELI4) in the same configuration as used in the SAR measurements. An input power of 1 mW was fed to the antenna at a frequency of 3.5 GHz. The shell was assigned an = 3.5 and = 0 S/m, while the liquid was assigned an = 36.1 and = 2.47 S/m. The simulation was compared with the measurements. It was used to determine compliance with the ICNIRP basic restrictions [ICNIRP, 1998 ] according to standard IEC62209-2 [IEC, 2010] . This simulation had a total number of 6.5 x 10 6 cells, while the smallest and largest grid steps in the simulation domain were 0.45 mm and 6.3 mm, respectively.. The expanded uncertainty (k=2) on SAR for the simulation equaled also 12 % [Bakker et. al., 2010 [Bakker et. al., , 2011 .
Fourth, a heterogeneous phantom was placed in the vicinity of the attocell containing the studied antenna, which emitted a sinusoidal wave at 3.5 GHz with an input power of 1 mW. The antenna was placed either horizontally or vertically polarized in the attocell. The phantom, see Figure 3 (a), was either standing with its right foot centered above the emitting attocell, see Figure 3 (b), or with the back or front of its head centered on the emitting attocell, see Figure 3 (c)-(e). These configurations represented realistic exposure situations where the phantom was either standing on the attocell or lying on the floor. The SAR results of these simulations were indicative for a realistic RF exposure near an attocell. The expanded uncertainty (k=2) on SAR for the simulations with heterogeneous human body models equaled 23 % [Bakker et. al., 2010 [Bakker et. al., , 2011 .
The Virtual Family Male (VFM) was selected as human body model or phantom. This model is shown in Figure 3 . The VFM is a 34-year-old adult male with a mass of 72.2 kg and a height of 1.80 m. The dielectric properties of the phantom were loaded from the database included in Sim4life, which was based on Gabriel [1996] . The VFM is discretized with maximum grid steps of 1.5 mm. The level of the whole-body averaged SAR in the ICNIRP basic restrictions for the general public at 3.5 GHz [ICNIRP, 1998 ] is 0.08 W/kg. The phantom has a mass of 72.2 kg, which implies that its SARwb can never be higher than 0.08 W/kg for an input power of 1 mW. Therefore, only the peak SAR10g was studied for the heterogeneous phantom.
The peak SAR10g values could be used to determine allowed input powers of the antennas. To this aim, the peak SAR10g values were determined for a certain input power Pin = 1 mW. These values were then compared to the basic restrictions (BR) on the peak SAR10g for the general public, which is 2 W/kg for the head and trunk and 4 W/kg for the limbs. The allowed input power ( ) was then determined using: All the S11 values are below -10 dB between 3.25 GHz and 3.75 GHz. The -10 dB bandwidth of the antenna is 666 MHz, 610 MHz, and 724 MHz, using FDTD, MoM, and free-space measurements, respectively. A relatively good agreement in bandwidth between the numerical model and the real antenna is thus obtained with relative errors of 8% and 16% for the FDTD model and the MoM model, respectively. The frequency of the first local minimum is located at 3.38 GHz, 3.34 GHz, and 3.34 GHz, using FDTD, MoM, and measurements, respectively.
RESULTS
Modelling of the SIW antenna
The location of this minimum is thus in very good agreement (1% deviation from the real antenna for FDTD). The frequency of the second local minimum is located at 3.74 GHz, 3.65 GHz, and 3.77 GHz, using FDTD, MoM, and measurements, respectively. The frequency corresponding to this minimum is again in good agreement between the simulations and the measurement (deviation < 3%). A shift towards lower frequencies of resonance and deeper peaks of resonance are observed when then antenna is placed in the vicinity of dielectric objects.
Frequency shifts of approximately 10 MHz and 50 MHz are found for the configuration with only wood and wood and acrylic glass, respectively, in comparison to the free-space FDTD simulation. Figure 4 shows the results of electric field strength measurements and FDTD simulations at a separation distance of 8 mm above the acrylic glass, which corresponds to a distance of 7 cm above the antenna (the closest area scan performed to the antenna), while the antenna is fed with an input power of 1 mW at 3.5 GHz. Figure 6 shows the simulated and measured SAR in the IEC phantom at 5 mm from the phantom's shell inside the liquid for the attocell whose antenna receives an input power of 1 mW at 3.5 GHz. The distance of 5 mm is in compliance with the IEC 62209-2 standard for the area scan since the standard requires that: " the distance between the geometrical center of the probe detectors and the inner surface of the phantom shall be 8 mm or less and constant within ±1,0 mm" [IEC, 2010] .
EMF Measurements and Numerical Simulations
SAR Measurements and Numerical Simulations
The simulations and the measurements exhibit a similar SAR pattern. Figure S .3 (b) shows a cumulative distribution function of the configuration shown in Fig. 6 (b) . The peak SAR10g is 7.2 mW/kg using simulations and 9.7 mW/kg using measurements in the phantom. These values are more than 200 times smaller than the ICNIRP basic restriction on the SAR10g which is 2 W/kg at 3.5 GHz. As mentioned before, these values are not representative for a realistic SAR10g value, since they are measured with the emitting antenna touching the phantom. In practice, the antennas will be located at least 6 cm underneath the acrylic glass. It should be noted that due to the close distance of the phantom to the antenna, the |S11| of the antenna will differ from the one shown in Figure S .2. The |S11| is -2.4 dB at 3.5 GHz during the presented simulations. This implies that if the antenna is fed a constant input power, which is the case during the measurements and the simulations, then the output power reduces since more power is reflected in the antenna. Figure 7 shows sagittal cross sections of the VFM at the location of the maximum SAR. The figure shows that the SAR is localized to the area in front of the emitting antenna. Therefore, the localized, peak SAR10g is evaluated for the six different configurations shown in Figure 3 and compared to the ICNIRP basic restrictions on the peak SAR10g for the general public, which are 2 W/kg for the head and trunk and 4 W/kg in the limbs. Corresponding to these low SAR10g values, we find, using Equation 1, relatively high allowed input powers (>0.29 W, see Table 1 ) in comparison to the 1 mW input power, which is applied in the standard transmission protocol. The |S11| of the studied antenna is located between -19 dB and -14 dB at 3.5 GHz, depending on the studied configuration.
RF Exposure of Heterogeneous Phantoms
DISCUSSION
In this study, the RF exposure near an attocell is studied using both compliance measurements and numerical simulations. In order to execute numerical simulations, the studied attocell and in free-space. An additional validation was executed using MoM, which was in good agreement with the FDTD simulation and the measurement in terms of the first peak of resonance of the antenna (around 3.4 GHz), but showed a shift of the second resonance peak towards lower frequencies. Such a shift was also observed for the FDTD simulations that include dielectric materials around the antenna (wood and acrylic glass). The same effect has already been observed by Aminzadeh et al. [2016] , where dipole antennas were modeled for operation next to a homogeneous phantom. Aminzadeh et al. [2016] found that resonance peak of the dipole shifted towards lower frequencies next to dielectric materials and therefore, a smaller dipole, corresponding to a higher frequency of resonance in free space, is needed to achieve a desired resonance next to the human body. In the case of the attocell, a redesign of the antenna is not necessary since the |S11| remains <-10 dB in the target frequency band between 3.25 and 3.75 GHz. The electric field strengths show a good agreement in shape (Fig. 4) and decay as a function of distance from the antenna (Fig. 5 ) between FDTD simulations and measurements.
The ICNIRP reference level (61 V/m) for the general public cannot be exceeded above the acrylic glass, when applying an input power of 1 mW. However, the numerical simulations
show that values higher than the reference level for the general public exist near the antenna's surface. In normal operating conditions, the antennas cannot be approached by the general public, due to the layer of acrylic glass.
Compliance measurements are also executed with a standardized phantom according to the IEC 62209-2 standard [IEC, 2010] . FDTD simulations were executed as well, using the same set up.
The measurements and simulations show a similar SAR pattern in the homogeneous phantom.
This SAR compliance assessment is complemented by FDTD simulations using a heterogeneous phantom, which show relatively low peak SAR10g values in comparison to the ICNIRP basic restrictions, see Table 1 . Consequently, relatively high allowed output powers are determined in comparison to the 1 mW, which is applied in real operation of the attocells.
The highest SAR10g is obtained for the configuration where the VFM's head is facing the emitting attocell. We attribute this to a local enhancement of the SAR in the nose, which touched the acrylic glass. This local enhancement of SAR at frequencies > 900 MHz, including 3.5 GHz, in extremities of the same heterogeneous phantom has already been demonstrated in Vermeeren et al. [2010] .
Exposure from multiple attocells simultaneously has not been studied yet, although Lannoo et al. [2015] envisage this as the future of attocell communication, in particular during handovers.
This exposure should be studied during future developments of the attocells. However, under the current assumptions of hard handovers, the single-cell exposure, which is studied in this manuscript, provides a valid exposure assessment.
RF compliance of antennas that operate at 3.5 GHz has been studied before, mainly for antennas used for WIMAX or Long Term Evolution (LTE) purposes.
The SAR near 3.5 GHz antennas has previously been studied in other manuscripts. The design of directional and an omni-directional UWB slot antennas is described in Klemm et al. [2005] , which includes a SAR compliance using a three-layered body model. These directional slot antennas show peak SAR10g values from 3.8-7 W/kg at 1 mm from the body for an input power of 1 W at 3.5 GHz, which reduces to values from 1.9-2.6 W/kg at a separation distance of 4 mm. Vermeeren et al. [2008] studied SAR values in the VFM, which is placed at distances > 1 m from a BSA emitting 1 W at 3.5 GHz. They find that that peak SAR10g can exceed the ICNIRP basic restriction for occupational exposure on SAR10g up to a factor of 2 (20-40 W/kg) at 3.5
GHz. RF compliance of a PIFA antenna for mobile phone applications is studied in Ma et al.
[2010], using a SAM phantom in six frequency bands. A peak SAR10g at 3500 MHz of 0.155 W/kg for an input power of 23 dBm is found. The SAR10g induced by a dipole antenna tuned to 3.5 GHz is studied in Ikeuchi et al. [2012] . The dipole is placed above two ground planes at different locations and at a separation distance of 10 mm from an anatomical human head. Peak SAR10g values in the head model range from 0.7-1.6 W/kg, when a reflective layer is placed next to the dipole which is fed 1 W at 3.5 GHz.
The peak SAR10g values found using our FDTD simulations are of the same order of magnitude, but lower than those obtained for directional antennas placed close to the human body. For an input power of 1 W, we find peak SAR10g values between 1.2 -2.8 W/kg, while the values found in literature are somewhere between 0.8 -7 W/kg for the same input power (excluding Vermeeren et al. [2010] ). We attribute these somewhat lower values to the higher separation distance considered in our configuration (62 mm versus 1-4 mm in Klemm et al. [2005] , 0 mm in Ma et al. [2010] , and 10 mm in Ikeuchi et al. [2011 Ikeuchi et al. [ , 2012 ) and the fact that we have some dielectric materials with non-zero conductivity in between the antenna and the phantom, which introduces a loss of power due to reflections and absorption. The values presented in Vermeeren et al. [2010] are an order of magnitude higher than what is found for the attocell, even for much larger separation distances (> 30 cm). This can be attributed to the fact that the gain (17 dBi) of the studied BSA in Vermeeren et al. [2010] is 13.5 dB higher than the gain (3.5 dBi, determined using FDTD) of the antenna contained in the attocell.
It is impossible that the attocell induces a SARwb higher than 0.08 W/kg, due to its relatively low input power (1 mW) of the attocells, as previously mentioned. Our results show that the peak SAR10g values are also far below the ICNIRP basic restrictions at this input power. This indicates that RF devices that emit at very low power might not always require a full compliance assessment. One should take potential separation distances from the antenna, the antenna's gain, and the emitted frequency into account in making such considerations. Therefore, it is important to report SAR and EMF values when a new technology, such as the attocells, is released.
However, the potential of a simplified compliance assessment for low-power RF devices could be investigated in a future study. values that are smaller than 2.8 mW/kg. This is more than a factor of 290 smaller than the relevant basic restrictions for the general public at 3.5 GHz. We conclude that attocells are an interesting solution to provide high-bandwidth coverage, while maintaining a low exposure to RF EM fields for the users. Table 1 : Peak SAR10g values (in W/kg) in the VFM, normalized to an input power of 0 dBm in the attocell and allowed input powers (see Eq. 1) for the studied attocell, based on the ICNIRP basic restrictions on peak SAR10g for the general public. Fig. 4 (b) ) and (b) the measured SAR in the phantom at 5 mm from the phantom's inner shell (corresponding to Fig. 6 (b) ).
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